We here demonstrated that the Soh1/MED31 protein is a stable component of Mediator complex isolated from Schizosaccharomyces pombe and Saccharomyces cerevisiae. Bioinformatic analysis traces the Soh1/MED31 family of Mediator subunits to the point of major eukaryotic divergence, before the appearance of the canonical heptapeptide repeat structure of the RNA polymerase II C-terminal domain.
The Mediator complex acts as a bridge, conveying regulatory information from enhancers and other control elements to the general transcription machinery. Mediator was originally identified in Saccharomyces cerevisiae and is required for the basal and regulated expression of nearly all RNA polymerase II (RNAP II) 1 -dependent genes (1) . Mediator-like complexes were later isolated from human cells (2) (3) (4) (5) (6) , mouse (7) , fission yeast (8) , and fruit fly (9) . Cross-species comparisons in several labs have led to the identification of metazoan counterparts for most yeast Mediator subunits (10) .
The Soh1/MED31 protein is a subunit of human (11) and Drosophila Mediator (9) . Although Soh1/MED31 orthologues are encoded by the S. cerevisiae and Schizosaccharomyces pombe genomes, these proteins have not been identified as Mediator components. The S. cerevisiae SOH1 gene was first identified as a suppressor of temperature-dependent growth of the hyper-recombination mutant hpr1⌬3 (12) . Later genetic studies linked SOH1 to components of the general transcription machinery (13) and factors implicated in transcriptional elongation (14, 15) . A screen for septation mutants in S. pombe identified the sep10 ϩ gene encoding a Soh1/MED31 orthologue (16) . The same screen also identified genes encoding S. pombe Mediator subunits Med8 and Pmc6/MED18. The null mutant of sep10 ϩ causes sterility and hyphal growth in S. pombe (13, 17) . We here report the identification of Soh1 and its orthologue Sep10 (here denoted spSoh1/MED31) as bona fide members of the S. cerevisiae and S. pombe Mediator complex. A thorough study of predicted Soh1/MED31 orthologues from a wide range of eukaryotic species revealed a highly conserved 69-amino acid motif. We used sequence analysis to trace the Soh1/MED31 family of Mediator subunits to the point of major eukaryotic divergence, before the appearance of the canonical heptapeptide repeat structure of the RNAP II C-terminal domain (CTD).
3.5-4.0, and S. pombe cells were cultured to A 600 2.0 -2.5 in yeast extract supplement (YES) medium (5 g/liter yeast extract, 2 g/liter casamino acids, 20 g/liter glucose) supplemented with 0.2 g/liter adenine. For preparation of whole cell extract, we collected yeast cells from a 15-liter culture by centrifugation (JLA-10,500 rotor (Beckman Instruments), 9,500 rpm, 10 min, 4°C), which were washed once with ice-cold water and suspended in 0.5 ml of 3ϫ lysis buffer (200 mM KOH-Hepes, pH 7.8, 15 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EDTA, 15% glycerol, 0.5 mM dithiothreitol, and protease inhibitors) per gram of cell pellet. For all purifications, we used a 100ϫ stock of protease inhibitors containing 100 mM phenylmethylsulfonyl fluoride, 200 mM pepstatin, 60 mM leupeptin, and 200 mM benzamidine in 99.5% ethanol. Cells were lysed by bead beating (Bead-Beater, Stratech, London, UK) for 25 cycles, with each cycle consisting of 30 s of beating and 90 s of rest. We cleared the supernatant by centrifugation (JLA-10,500 rotor (Beckman Instruments) at 9,500 rpm, for 10 min, at 4°C), added 1 ⁄9 vol of 2 M KCl, and stirred for 15 min. Polyethyleneimine was added to a final concentration of 0.02% followed by 15 min of stirring. Insoluble material was removed by ultracentrifugation (Ti45 rotor (Beckman Instruments), 42,000 rpm, 30 min, 4°C). We purified Mediator according to the original TAP tag purification protocol (22) with the following modifications. We added 900 l of IgG-Sepharose (Amersham Biosciences) to 200 ml of extract and incubated for 2 h at 4°C. The IgG-Sepharose was collected by centrifugation (JA-17 rotor (Beckman Instruments), 800 rpm, 1 min, 4°C), loaded onto a Poly-Prep column (Bio-Rad), and washed with 100 ml of IgG wash buffer (20 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 0.1% IGEPAL CA-630). We eluted the Mediator in two steps: first, by incubation for 2 h at 16°C with 200 units of tobacco etch virus (TEV) NIa protease (Invitrogen) in 2 ml of TEV buffer (10 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.1% IGEPAL CA-630, 1 mM dithiothreitol), which we designated IgG eluate 1, and second, by elution of the IgG-Sepharose by incubation with 8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris-Cl, pH 7.7, for 5 min at room temperature, which we called IgG eluate 2. For further purification of S. pombe Mediator, we loaded 500 l of IgG eluate 1 onto a 1-ml heparin HiTrap column (Amersham Biosciences). The column was washed with 5 ml of buffer A-0.1 (20 mM HEPES-NaOH (pH 7.5), 10% glycerol, 0.5 mM EDTA, 1 mM dithiothreitol, protease inhibitors, and the molarity of sodium chloride indicated after the hyphen) and then developed with a linear gradient (12 ml) of A-0.1 to A-1.2.
We purified S. cerevisiae Mediator further by loading 750 l of IgG eluate 1 onto a 1-ml SP-Sepharose HiTrap column (Amersham Biosciences). The column was washed with 5 ml of buffer A-0.1 and developed with a linear gradient (12 ml) of A-0.1 to A-1.2.
Immunoblotting and Production of Antibodies-Recombinant spSoh1/MED31 protein fused to GST was overproduced in Escherichia coli BL21 (DE3) pLysS cells (Stratagene) and subsequently purified using glutathione-Sepharose 4B (Amersham Biosciences) according to the supplier's recommendations. The purified GST-spSoh1/MED31 was used to immunize rabbits. The antisera used in this study were taken 10 days after the second booster injection (AgriSera, Vä nnä s, Sweden). We monitored Mediator with antibodies against Med7, Med8 (23), spSrb4/MED17 (8), and Pmc3/MED27 (24) . Anti-Med1 antibodies were a gift from S. Bjorklund (Umeå University, Sweden), anti-Srb5/MED18 antibodies were a gift from R. A. Young (Whitehead Institute for Biomedical Research, Cambridge, MA), and anti-Gal11/MED15 antibodies were a gift from T. Fukasawa (Kanazawa University, Japan). Anti-FLAG antibodies were purchased from Sigma.
Bioinformatics-The accession numbers at the National Center for Biotechnology Information (NCBI) for the Soh1/MED31 orthologues used are AAN37331 (Plasmodium falciparum), EAA40945 (Giardia
, and CAD25946 (Encephalitozoon cuniculi). The Cyanidioschyzon merolae Soh1/MED31 sequence was kindly provided by the C. merolae Genome Project server (Locus ID CMH208C, CDS number 3902, merolae.biol.s.u-tokyo.ac.jp) (25) . The Chlamydomonas reinhartii Soh1/MED31 sequence (protein ID 157339, protein name C_160159) was produced by the Department of Energy Joint Genome Institute (genome.jgi-psf.org/chlamy) and are provided for use in this publication only.
Protein sequences were aligned using ClustalX (26) with default settings. Motifs were selected and edited with SeaView software (27) . Multiple sequence alignments were formatted at the BoxShade server (www.ch.embnet.org/software/BOX_form.html). Sequence logos were constructed at the Weblogo server (weblogo.berkeley.edu//logo.cgi) (28) .
RESULTS

Soh1/MED31 Is a Component of S. cerevisiae Mediator-
Soh1/MED31 was not identified as a Mediator subunit in our previous characterization of the S. cerevisiae complex. We could have missed the Soh1/MED31 protein, because the peptide mass fingerprint search algorithms used in our analysis have difficulties assigning significant hits to small proteins (29) . We therefore decided to directly investigate the presence of Soh1/ MED31 in the S. cerevisiae Mediator. We used a yeast strain with a TAP tag fused in-frame with the Med8 Mediator subunit and introduced a tandem FLAG tag at the C terminus of the Soh1/MED31 protein (f:Soh1/MED31). We purified TAP-Med8 Mediator over IgG-Sepharose and observed co-purification of f:Soh1/MED31 with known Mediator subunits (Fig. 1A) . We purified Mediator further over SP-Sepharose and observed perfect co-migration of f:Soh1/MED31 with Mediator subunit Med1 (Fig. 1B) . We therefore concluded that Soh1/MED31 is a subunit of the S. cerevisiae Mediator complex.
spSoh1/MED31 Is a Member of the S. pombe Mediator-To investigate whether the spSoh1/MED31 protein is a subunit of S. pombe Mediator, we raised a polyclonal antibody against full-length protein in recombinant form. S. pombe Mediator with a C-terminal TAP tag in-frame with the med7 ϩ gene was purified over IgG-Sepharose and heparin-Sepharose. We used immunoblot analysis and observed perfect co-purification of spSoh1/MED31 with previously characterized Mediator subunits Pmc3/MED27 and spSrb4/MED17 (Fig. 2) . We separated purified S. pombe Mediator on a SDS-polyacrylamide gel and 
The SOH1 Family of Proteins Is Highly Conserved among Eukaryotes-All
Mediator complexes purified to date are from fungi and metazoa, which are close relatives on the eukaryotic tree (30) . We wanted to expand previous analysis of the Soh1/ MED31 family by using sequences from a wide array of eukaryotes with an even spread of sequence diversity (17) . Using BLAST software searches against protein, genomic, and expressed sequence tag sequences, we detected highly probable Soh1/MED31 orthologues in other branches of the eukaryotic tree, including green plants and several protistan phyla. We selected sequences for further analysis using an expect (E) value cutoff of 10 Ϫ5 and aligned these sequences using the global multiple sequence alignment software ClustalX (26) . Sequences that were considered too similar were excluded from the analysis to retain an informative alignment. We found that all sequence conservation resides within a ϳ69-amino acid motif, which contains a remarkable number of absolutely conserved residues and is especially rich in aromatic residues and leucine (Fig. 3) . BLAST searches using sequences outside the central Soh1/MED31 motif did not return any significant hits between eukaryotic kingdoms. The two mutant alleles previously reported for Soh1/MED31, soh1-1 in S. cerevisiae and sep10-412 in S. pombe, are both caused by premature termination within the Soh1 motif as indicated in Fig. 3 (12) . 2 The Hyper-conserved Soh1 Motif Is Required, but Not Sufficient, for Association with S. cerevisiae Mediator-To test the requirements of the hyper-conserved Soh1 motif for Mediator association, we generated a series of S. cerevisiae strains, in which the wild-type SOH1 gene was replaced by mutant versions fused in-frame with a FLAG tag encoding the DNA fragment (Fig. 4A) . Mediator was purified from the different strains, and Soh1/MED31 association was probed with immunoblotting against the FLAG tag (Fig. 4B) . We could not detect Soh1/MED31 by immunoblotting in total protein extracts, but reverse transcription PCR indicated roughly similar levels of mRNA expression for the mutant constructs (data not shown). Soh1/MED31 was lost from Mediator when we deleted amino acids 1-85 (SOH1⌬3), encompassing the Soh1 motif (position 22-90). Similarly, a replicate of the soh1-1 mutant allele (12) , terminating prematurely at position 46 in the center of the Soh1 motif (SOH1⌬1), failed to associate with Mediator. In contrast, a mutated form of the protein, in which the N-terminal region (position 1-22) outside the Soh1 motif had been deleted (SOH1⌬5), could effectively associate with Mediator, and we could also detect weak Mediator association of a Cterminal deletion mutant (SOH1⌬2).
Even if the Soh1 motif is required for stable association with Mediator, it is not sufficient. When we expressed the Soh1 motif in isolation (SOH1⌬4), we observed no association with the Mediator complex. S. pombe and S. cerevisiae Mediator is physiologically relevant and not an artifact of biochemical isolation. We believe that our failure to identify Soh1/MED31 in previous characterizations of yeast Mediator complexes (8, 23, 31, 32) was because of the inherent weakness of peptide mass fingerprint search algorithms in assigning significant hits to small proteins (29) . In this report, we also extended previous work on Mediator subunit conservation and demonstrated that Soh1/MED31 is conserved in protist lineages.
The significant conservation of Soh1/MED31 raises interesting questions about the evolution of the eukaryotic transcription machinery. The CTD of RNAP II plays a central part in the entire process of transcription, including initiation, capping of the primary transcript, splicing, and 3Ј processing. Phylogenetic analyses of Rpb1 sequences have led to the suggestion that canonical CTD heptads (YSPTSPS) are strongly conserved in only a subset of eukaryotic groups, including fungi, animals, plants, and some protists, which display complex patterns of ontogenetic development (33) . According to this theory, the enhanced control over RNAP II transcription conveyed by ac- quired CTD-protein interactions was an important step in the evolution of intricate patterns of gene expression that are a hallmark of large, developmentally complex eukaryotic organisms (33) .
The CTD is also important for Mediator function, and a cardinal activity of Mediator is its ability to stimulate TFIIHdependent CTD phosphorylation (23, 31) . The Mediator complex interacts directly with CTD (23, 31) , and the nine SRB genes encoding for Mediator subunits were first identified in a screen for mutants, which suppress the cold-sensitive phenotype of a CTD truncation mutant (34) . We were therefore surprised to find conserved Soh1/MED31 orthologues in protists like G. intestinalis and P. falciparum, which lack the canonical CTD repeat structure (33) . The observation suggests that an ancient Mediator-like factor might be involved in passing signals from activators and repressors to the RNAP II in eukaryotes that diverged before the establishment of the canonical heptapeptide repeats CTD structure.
Finally, despite extensive bioinformatics analysis with different Soh1/MED31 orthologues, we could not detect significant sequence similarity of Soh1/MED31 to DNA-or RNAdependent RNA polymerases as previously suggested (12) . The original assignment of homology could be the result of the substantially smaller dataset available for proteinprotein searches that was available during the previous decade. The formulation of the statistical significance of the BLAST algorithm is dependent on the size of the data base, which has grown exponentially since the first publication on Soh1/MED31.
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